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The  reduction  and  oxidation  (redox)  durability  and  reforming  activity  of  MgO-NiO-YSZ  composites  were 
examined  to  evaluate  the  suitability  of  MgO-NiO-YSZ  composites  as  support  materials  for  segmented-in- 
series  solid  oxide  fuel  cell  (SOFC)  cell  stacks.  The  MgO-NiO-YSZ  composites  were  compared  with  NiO-YSZ 
composites.  The  MgO-NiO-YSZ  composites  showed  minimal  size  and  structural  changes  during  redox 
operations  at  800  °C  and  a  nearly  equivalent  reforming  activity  to  NiO-YSZ  composites  at  temperatures 
ranging  from  600  °C  to  800  °C  in  spite  of  their  lower  Ni  content.  MgO-NiO-YSZ  composites  are  good 
candidates  for  the  support  materials  in  segmented-in-series  (SlS)-type  SOFC  cell  stacks. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Recently,  SOFCs  have  been  actively  developed  as  a  type  of  high- 
efficiency  electrical  power  generation  equipment  in  order  to  utilise 
more  efficiently  the  world’s  remaining  limited  fossil  fuels  [1,2].  In 
Japan,  a  demonstrative  research  project  on  SOFC  systems  is  being 
carried  out  to  promote  the  installations  of  small-scale  SOFC  sys¬ 
tems  at  such  sites  as  residential  houses  [3,4].  Under  actual  load 
conditions  in  residential  use,  natural  disasters  such  as  earthquake 
and  lightning  strikes,  emergency  outages  caused  by  blackouts,  and 
local  fuel  shortages  for  the  anode  material  can  occur.  These  events 
expose  the  anode  materials  to  oxidation  conditions.  It  is  well  known 
that  re-oxidation  of  anode  materials  causes  the  expansion  of  the 
anode  material,  and  re-oxidation  sometimes  ends  up  destroying  the 
cell  [5-9].  Therefore,  it  is  important  to  develop  SOFCs  that  are  highly 
resistant  to  size  and  structural  changes  during  redox.  It  has  pre¬ 
viously  been  reported  that  segmented-in-series  (SlS)-type  SOFCs 
have  a  high  tolerance  to  redox  [10,11].  Fig.  1  shows  a  schematic 
of  an  SIS-type  SOFC  [12,13].  In  an  SIS-type  SOFC,  multiple  single 
cells  are  formed  on  one  electrically  insulated  flat  support  tube. 
The  electrical  current  flows  longitudinally  down  one  side  and  flows 
back  along  the  other  side.  Fuel  gas  is  supplied  to  each  cell  through 
ducts  built  inside  the  porous  flat  tube.  A  dense  electrolyte  covering 
the  flat  tube  separates  the  fuel  from  the  air.  In  order  to  produce  a 
structure  with  these  characteristics,  there  are  many  requirements 
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for  the  support  flat-tube  materials  used.  The  materials  must  be 
electrically  insulating,  have  enough  porosity  for  effective  reactant 
dispersion,  match  the  coefficient  of  thermal  expansion  (CTE)  of  the 
other  materials,  have  mechanical  strength,  and  be  inexpensive.  The 
support  substrate  has  the  largest  volume  in  the  cell  stack.  Therefore, 
reducing  the  material  cost  of  the  substrate  leads  to  a  low-priced 
SOFC  system.  In  addition  to  these  characteristics,  when  the  sub¬ 
strate  has  intrinsic  reforming  abilities,  the  SOFC  system  does  not 
need  an  external  reformer,  thereby  resulting  in  a  simpler  design. 
In  this  study,  we  examined  the  characteristics  of  MgO-NiO-YSZ 
(yttria-stabilised  zirconia)  composites  and  compared  them  with 
NiO-YSZ  composites,  which  are  a  conventional  support  in  planar- 
type  SOFCs  as  a  reference.  In  MgO-NiO-YSZ,  the  low-cost  MgO 
is  added  to  YSZ  to  match  the  CTE  of  the  substrate  to  that  of  the 
electrolyte.  NiO  is  added  to  function  as  a  reformer  [14].  However, 
the  addition  of  NiO  causes  deterioration  in  the  redox  durability.  To 
quantify  this  deterioration,  we  examined  the  characteristics  of  the 
tolerance  to  redox,  such  as  shrinkage  changes  and  residual  stress 
changes,  during  redox  operations  and  reforming  activities  for  each 
sample. 

2.  Experimental 

2.1.  Sample  preparation 

The  samples  tested  were  manufactured  from  commercial 
ceramics  powders  using  standard  ceramic  processing  techniques. 
The  sample  compositions  are  shown  in  Table  1.  For  NiO-YSZ,  the 
samples  were  prepared  using  well-mixed  powders  of  NiO  (Seido 
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Fig.  1.  The  schematic  of  a  segmented-in-series-type  SOFC. 
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Fig.  3.  The  change  in  the  residual  stress  on  the  electrolyte  during  the  redox  tests: 
(a)  the  behaviour  of  NiO-YSZ  and  (b)  the  behaviour  of  MgO-NiO-YSZ. 
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Fig.  2.  The  shrinkage  behaviour  of  samples  immediately  after  calcination  at  1 500  °C, 
reduction  at  800  °C  for  1 0  h,  and  re-oxidation  at  800  °C  for  1 0  h:  (a)  the  behaviour  of 
NiO-YSZ  and  (b)  the  behaviour  of  MgO-NiO-YSZ. 
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Chemical  Industry  Corp.)  and  8%  YSZ  (Daiichi  Kigenso  Kagaku  Kogyo 
Co.,  Ltd.).  For  NiO-YSZ-MgO,  a  (Ni,  Mg)0  solid  solution  was  ini¬ 
tially  prepared  by  calcination  of  a  mixture  of  MgO  powder,  which 
was  provided  by  calcination  of  Mg(OH)2  powders  (Ube  Materi¬ 
als  Industries,  Ltd.)  at  1200°C  for  10  h  and  NiO  powder  to  create 
a  solid  solution  of  (Ni,  Mg)0  [15,16].  Next,  the  (Ni,  Mg)0  was 
crushed  into  a  powder.  After  these  processes,  the  MgO-NiO-YSZ 
physical  mixture  was  prepared.  Because  higher  porosity  leads  to 
higher  catalytic  activity,  a  pore-forming  agent  (microcrystalline 


Table  1 

Sample  compositions  examined  in  this  work. 


Sample  name 

MgO 

(vol.%) 

NiO 

(vol.%) 

YSZ 

(vol.%) 

Calculated  CTE 
(ppmK-1) 

NY1 

- 

10 

90 

10.93 

NY2 

- 

35 

65 

11.87 

NY3 

- 

50 

50 

12.36 

NY4 

- 

65 

35 

12.80 

MNY1 

47.5 

5 

47.5 

12.43 

MNY2 

45 

10 

45 

12.51 

MNY3 

40 

20 

40 

12.66 

MNY4 

35 

30 

35 

12.80 
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Fig.  4.  SEM  images  of  the  cross  sections  of  NiO-YSZ  samples:  (a)  immediately  after  calcination  at  1500°C,  (b)  after  the  reduction  operation  at  800  °C  for  10  h,  and  (c)  after 
re-oxidation  at  800  °C  for  lOh. 


cellulose  type,  Asahi  Kasei  Corp.)  (10%)  was  added  to  both  mix¬ 
tures.  A  solution  of  10%  polyvinyl  butyral  (BM-1,  Sekisui  Chemical 
Co.)  in  ethanol  was  added  to  prepare  pellets  without  cracks. 
The  powders  were  well  mixed  and  were  pressed  uniaxially 
into  circular  pellets  with  a  20  mm  diameter  at  a  pressure  of 
640  kg  cm-2  for  30  s.  The  pellets  were  calcined  at  1200°C  for 
2h.  Both  NiO-YSZ  and  MgO-NiO-YSZ  pellets  calcined  at  1200°C 
were  dipped  in  a  YSZ  slurry.  The  samples  with  an  electrolyte 
layer  on  the  surfaces  were  subsequently  sintered  at  1500°C  for 
2  h. 

2.2.  Experimental  method 

2.2 A.  Shrinkage  behaviour  during  redox  testing 

For  the  shrinkage  behaviour  tests,  the  samples  were  reduced 
in  4%  H2  balanced  with  N2,  and  were  re-oxidised  in  air  at  800 °C 
for  lOh.  The  diameter  of  each  sample  was  measured  by  using 
digital  callipers  (Mitutoyo  Corp.)  after  sintering,  reduction,  and 
re-oxidation. 


2.2.2.  The  measurement  of  the  changes  in  the  residual  stress  on 
the  electrolyte  during  the  redox  test 

At  each  step,  we  measured  the  X-ray  diffraction  pattern  of  the 
electrolyte  of  each  sample  and  estimated  the  residual  stress  by  the 
sin2  \[/  method  [17-21]  with  a  parallel-beam  X-ray  diffractometer 
(Rigaku  Corp,  RINT-TTR  2)  equipped  with  a  Cu  target.  Regarding  the 
diffracting  plane  used  for  the  stress  measurement,  we  selected  the 
(5  31)  plane  of8YSZ[22]. 

2.2.3.  Microstructure  observation 

After  these  measurements,  the  cross-sections  of  samples  were 
analysed  using  scanning  electron  microscopy  (SEM,  JEOL  Ltd.,  JSM- 
651 0A). 

2.2.4.  Reforming  activity  test 

Both  NY2  and  MNY1  samples  reduced  at  800  °C  for  1 00  h  were 
used  for  reforming  activity  tests.  In  the  reforming  tests,  the  steam- 
to-carbon  ratio  was  constant  at  2.0.  The  tests  were  carried  out  at 
space  velocities  of  30,  60,  and  100/H  and  temperatures  of  600 °C, 
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Fig.  5.  SEM  images  of  the  cross-sections  of  MgO-NiO-YSZ  samples:  (a)  immediately  after  calcination  at  1500°C,  (b)  after  the  reduction  operation  at  800°C  for  lOh,  and  (c) 
after  re-oxidation  at  800  °C  for  10  h. 


700  °C,  and  800  °C,  respectively.  After  the  reforming  reactions  had 
occurred,  the  reforming  conversion  rates  were  calculated  using  the 
result  of  gas  chromatography  (Shimadzu  Corp.)  analysis.  These  val¬ 
ues  were  compared  with  the  equilibrium  calculation  results. 

3.  Results  and  discussion 

3.1.  Shrinkage  behaviour  during  redox  testing 

The  shrinkage  behaviour  of  NiO-YSZ  and  MgO-NiO-YSZ  are 
shown  in  Fig.  2(a)  and  (b),  respectively.  A  positive  value  indicates 
expansion  and  a  negative  value  indicates  shrinkage.  Each  plot  was 
calculated  based  on  the  size  of  as-sintered  samples.  The  NiO-YSZ 
composites  showed  little  size  change  in  terms  of  reduction,  but  they 
expanded  during  re-oxidation.  This  expansion  occurred  because 
the  reduced  Ni  became  NiO.  In  comparison,  the  MgO-NiO-YSZ 
composites  showed  little  size  changes  in  either  condition.  Concern¬ 
ing  the  porosities,  in  NiO-YSZ  composites,  the  porosities  increased 
during  the  reduction  and  they  decreased  during  the  re-oxidation. 


In  the  reduction  process,  porosities  increased  in  spite  of  the  size 
shrinkage.  This  is  because  the  deformation  reaction  from  Ni  to  NiO, 
which  increased  vacancy  volume,  happened  and  led  to  size  decre¬ 
ment  and  porosity  increment. 

In  MgO-NiO-YSZ  composites,  the  porosities  of  samples  stayed 
at  about  the  same  value  during  both  reduction  and  re-oxidation 
processes.  This  is  because  it  was  observed  that  the  structures  stayed 
nearly  unchanged  during  the  both  treatments  after  the  samples 
were  sintered  at  1500°C. 

3.2.  The  measurement  of  the  changes  in  the  residual  stress  on 
electrolyte  during  the  redox  test 

Fig.  3(a)  and  (b)  shows  the  results  of  the  residual  stress  mea¬ 
surements  of  NiO-YSZ  and  MgO-NiO-YSZ,  respectively.  A  negative 
value  indicates  compression  stress.  In  the  case  of  the  NiO-YSZ 
samples,  the  absolute  values  of  the  residual  stress  increase  mono- 
tonically  with  the  Ni  fraction  for  the  as-sintered  condition.  As 
the  result  of  the  reduction,  the  absolute  values  of  the  residual 
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Table  2 

The  details  of  the  results  of  XRD  patterns  of  powdered  NY2  and  MNY1  samples. 


Sample  name 

Detected  phase 

As-sintered 

Reduced 

NY2 

8YSZ,  NiO 

8YSZ,  Ni 

MNY1 

8YSZ,  (Mg.Ni)O 

8YSZ,  Ni,  (Mg,Ni)0 

stress  decrease.  After  the  re-oxidation,  some  samples  showed  a 
small  level  of  residual  stress.  This  finding  is  because  the  samples 
expanded,  and  the  expansion  caused  the  electrolyte  to  delami¬ 
nate  from  the  support.  In  contrast,  in  the  MgO-NiO-YSZ  samples, 
the  residual  stresses  were  approximately  200-300  MPa  and  were 
more  stable  than  those  of  NiO-YSZ  samples  at  each  step  of  the  sin¬ 
tering,  reduction,  and  re-oxidation  process.  This  result  describes 
the  shrinkage  behaviours  well.  In  NiO-YSZ  composites,  the  size 
changes  in  samples  with  high  NiO  content  were  bigger  than  that  of 
low  NiO  content  because  the  amount  of  the  deformations  regard¬ 
ing  both  reduction  and  re-oxidation  of  NiO  increased  with  high 
NiO  content  samples.  So  larger  changes  in  residual  stress  happened 
with  high  NiO  content  samples  than  low  NiO  content  samples.  In 
MgO-NiO-YSZ  composites,  the  size  changes  in  each  sample  during 
reduction  and  re-oxidation  showed  the  same  tendencies  and  most 
of  microstructure  changes  occurred  on  the  surfaces  of  grains  and 
they  had  little  influence  on  the  size  changes.  This  could  be  corre¬ 
lated  with  the  almost  constant  residual  stress  during  both  reduction 
and  re-oxidation  processes. 

3.3.  Microstructure  observation 

SEM  images  of  NiO-YSZ  and  MgO-NiO-YSZ  after  the  redox 
tests  are  shown  in  Figs.  4  and  5,  respectively.  Image  (a)  shows 
the  as-synthesised  sample,  image  (b)  shows  the  reduced  sample 
and  image  (c)  shows  the  re-oxidised  sample.  The  morphology  of 
NiO-YSZ  changed  drastically  from  the  reduction  and  re-oxidation 
processes.  These  large  changes  from  the  re-oxidation  reaction  were 
caused  when  Ni  changed  into  NiO  [23-25].  In  the  MgO-NiO-YSZ 
samples  formed  by  the  reduction  of  the  (Mg,  Ni)0  solid  solution, 
small  particles  of  Ni  metal  segregated  from  the  grain  of  the  (Mg, 
Ni)0  solid  solution  and  deposited  on  the  grain  surfaces.  The  re¬ 
oxidation  process  caused  the  segregated  Ni  particles  to  coarsen. 
MgO-NiO-YSZ  composites  with  different  MgO  concentration  basi¬ 
cally  showed  the  same  tendencies  at  each  step.  From  these  results, 
it  is  estimated  that  MgO-NiO-YSZ  samples  maintain  a  stable  size 
during  redox  operations. 


Fig.  6.  The  methane  conversion  dependence  of  samples  NY2  and  MNY1  on  the  tem¬ 
perature  and  space  velocity  at  S/C  2.0.  The  dashed  line  represents  the  calculated 
equilibrium  state. 

metal-oxide.  According  to  the  model,  the  spacing  between  nuclei  of 
the  metal  increases,  as  the  vacancy  fraction  in  the  oxide  increases. 
Figs.  7  and  8  show  the  XRD  patterns  of  NY2  and  MNY 1 ,  respectively. 
The  (a)  line  shows  the  XRD  patterns  measured  immediately  after 
the  calcination  at  1500°C,  and  the  (b)  line  shows  those  measured 
after  the  reduction.  Table  2  shows  the  phases  of  NY2  and  MNY1 
detected  during  the  measurement.  Table  3  shows  the  reduction 
rate,  the  change  in  the  specific  surface  area,  and  the  specific  sur¬ 
face  area  of  Ni  after  the  reduction  at  800  °C  for  1 00  h.  The  reduction 
rate  was  calculated  using  the  data  on  the  mass  decrease  caused  by 
the  reduction  of  NiO  into  Ni.  In  the  calculation,  all  mass  decreases 
were  assumed  to  be  caused  by  the  reduction  of  NiO  into  Ni.  The  spe¬ 
cific  surface  area  of  Ni  was  calculated  from  the  reduction  rate  and 
the  change  in  the  measured  specific  surface  area.  In  the  NiO-YSZ 
samples,  almost  all  of  the  NiO  particles  were  reduced  to  Ni.  On  the 
other  hand,  the  grate  mass  of  NiO  in  the  (Mg,  Ni)0  solid  solution  in 
MgO-NiO-YSZ  was  not  reduced.  However,  the  calculated  value  of 
the  specific  surface  area  of  Ni  in  the  MNY1  sample  increased  signif¬ 
icantly  due  to  the  reduction  process.  This  result  also  indicates  that 
the  reduced  MNY1  sample  contained  small  particles  of  Ni,  which 
indicates  a  large  specific  surface  area.  This  finding  explains  why 


3.4.  Reforming  activity  tests 

The  methane  conversion  dependencies  of  sample  NY2  and 
MNY1  on  the  temperature  and  space  velocity  at  a  steam-to-carbon 
ratio  of  2.0  are  shown  in  Fig.  6.  This  finding  shows  that  both  NY2  and 
MNY1  have  good  reforming  activity.  In  particular,  MNY1  exhibits 
good  reforming  characteristics  in  spite  of  having  lower  Ni  con¬ 
tent  than  that  of  the  NY2  sample.  The  catalytic  reaction  progressed 
rapidly  as  a  function  of  the  space  velocities  in  this  measurement. 

From  these  results,  it  was  determined  that  the  MgO-NiO-YSZ 
samples  had  size  stability  in  the  redox  tests  and  a  high  reforming 
activity  in  spite  of  the  small  quantity  of  Ni  they  contained.  One  of  the 
reasons  why  MgO-NiO-YSZ  composites  showed  good  reforming 
activity  in  spite  of  a  low  Ni  content  is  that  they  contained  nano¬ 
scale  particles  of  Ni,  which  were  created  by  the  reduction  process. 
The  nano-scale  particles  can  be  seen  in  the  SEM  image  in  Fig.  5(b). 
At  this  stage,  the  reason  of  nano  particle  Ni  formation  is  not  clear. 
However,  Iguchi  and  Hirao  [26]  reported  the  reason  of  the  small  size 
Ni  formation  from  NiO-MgO  solid  solution  by  using  Ilscher’s  one¬ 
dimensional  model  [27]  for  metal  formation  during  the  reduction  of 
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Fig.  7.  XRD  patterns  of  powdered  NY2:  (a)  immediately  after  calcination  at  1500°C 
and  (b)  after  the  reduction  operation  at  800  °C  for  lOOh. 
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Table  3 

The  characteristics  of  samples  after  reduction  operation. 
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Sample  name 

Reduced  NiO  (%) 

Specific  surface  area 
change  (m2  g_1) 

Specific  surface  area  of 

Ni  particle  (m2  g_1) 

Resistivity  at 

800  °C  (ft  cm) 

NY2 

98.5 

0.092 

0.278 

5.0xl0-2 

MNY1 

19.8 

0.022 

1.987 

4.0  x  105 

c 

(a)  As  sintered 

o 

O  o  1 

1.  1  1 

O  8YSZ 

A  (Mg,Ni)0 
T  Ni 

O 

15 _ 9^ 
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Fig.  8.  XRD  patterns  of  powdered  MNY1:  (a)  immediately  after  calcination  at 
1500°C  and  (b)  after  the  reduction  operation  at  800 °C  for  100 h. 

MNY1  demonstrated  good  reforming  activity  in  spite  of  the  low  Ni 
content. 

4.  Conclusion 

The  durability  and  reforming  activity  of  MgO-NiO-YSZ  and 
NiO-YSZ  as  references  were  investigated.  MgO-NiO-YSZ  compos¬ 
ites  showed  the  following  characteristics. 

(a)  The  composites  showed  less  change  in  size  and  residual  stress 
in  the  redox  tests  at  800  °C. 

(b)  The  composites  demonstrated  good  reforming  activity  in  spite 
of  a  low  Ni  content. 

(c)  Small  particles  of  Ni  metal  with  a  large  BET  that  segregated  from 
the  grains  of  the  (Mg,  Ni)0  solid  solution  contributed  to  the  high 
reforming  activity. 

These  results  indicate  that  MgO-NiO-YSZ  composites  combine  a 
high  tolerance  for  redox  processes  and  a  high  reforming  activity  and 


that  they  are  good  candidates  to  be  support  materials  in  SIS-type 
SOFC  cell  stacks. 
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